r We examined the mechanisms underlying the positive effect of preconditioning contractions (PCs) on the recovery of muscle force after damaging eccentric contractions (ECCs).
Introduction
Unaccustomed physical exercise with intense eccentric contractions (ECCs) causes a prolonged impairment of muscle force production. It is well known that a repeated bout of ECCs results in faster recovery of isometric force than in the initial bout (Clarkson et al. 1992) . This phenomenon, often called the repeated bout effect, is observed in both human and animal models (McHugh, 2003) . The repeated bout effect has been demonstrated with electrically stimulated contractions (Nosaka et al. 2002) , indicating that the adaptation predominantly occurs within muscles. Interestingly, previous studies on human muscles showed that preconditioning contractions (PCs) with non-damaging ECCs also improve force recovery after subsequent damaging ECCs (Lavender & Nosaka, 2008; Chen et al. 2012) . However, the mechanisms underlying the effect of PCs are not well understood.
Skeletal muscle injury induced by lengthening contractions elicits a delayed accumulation of neutrophils and macrophages in skeletal muscle (Pizza et al. 2002; Tsivitse et al. 2003; Nikolaidis et al. 2008) . Neutrophils appear to contribute to muscle injury and impair the resolution from ECC-induced muscle injury (Pizza et al. 2005) . However, neutrophils may also have beneficial effects and facilitate muscle regeneration by removing tissue debris (Papadimitriou et al. 1990 ) and by promoting the accumulation of macrophages, which are known to cause satellite cell proliferation (Merly et al. 1999) . Moreover, neutrophil-derived reactive oxygen species (ROS) production causes muscle dysfunction and cytoskeletal disruption (Pizza et al. 2001; McLoughlin et al. 2003) . One of the principal enzymes stored in neutrophils and macrophages is the haemoprotein myeloperoxidase (MPO). MPO-generated ROS have been shown to impair the contractile function in isolated human cardiomyocytes (Kalász et al. 2015) . Importantly, Pizza et al. (2002) have shown that PCs reduce infiltration of neutrophils and macrophages in subsequent damaging ECC-exposed muscles.
It is generally accepted that prolonged depression in intrinsic contractile dysfunction after damaging ECCs is primarily due to a loss of myofibrillar force-generating capacity (Lowe et al. 1995; Ingalls et al. 1998a; Proske & Morgan, 2001) , although impaired sarcoplasmic reticulum Ca 2+ release may contribute (Balnave & Allen, 1995; Ingalls et al. 1998b; Kamandulis et al. 2017) . For instance, rat tibialis anterior muscles showed a reduction in actomyosin ATPase activity 4 days after damaging ECCs (Kanzaki et al. 2010) , and delayed degradation of myofibrillar proteins, including myosin heavy chain (MyHC) and actin, was observed more than 4 days after ECCs (Lowe et al. 1995; Ingalls et al. 1998a; Kanzaki et al. 2010) . In addition, it has been demonstrated that oxidative stress induces activation of Ca 2+ -activated neutral proteases, calpains (Nakashima et al. 2004) , and that oxidation of myofibrillar proteins increases their susceptibility to degradation by calpains (Smuder et al. 2010) .
Heat shock protein (HSP) 70, HSP25 and αB-crystallin are the most abundant HSPs in skeletal muscles and confer resistance to cellular stress and injury. ECCs have been shown to upregulate HSPs and promote their translocation to the myofibrils (Frankenberg et al. 2014) . HSPs are likely to have the ability to stabilize the myofibrils, resulting in maintained enzymatic activity of myosin (Melkani et al. 2006 ) and polymerization of actin (Wang & Spector, 1996) .
In the present study, we test the hypothesis that PCs counteract the prolonged force deficit after damaging ECCs by preventing the following series of events: infiltration of inflammatory cells, which impose MPO-induced oxidative stress on muscle fibres, which results in calpain activation and subsequent degeneration of myosin and actin.
Methods

Ethical approval
Male Wistar rats were supplied by Sankyo Labo Service (Sapporo, Japan) and acclimated for at least 3 days before being used in experiments. They were maintained on standard chow and water and kept on a 12 h light-dark cycle. All rat experiments were performed at Sapporo Medical University (Sapporo, Japan) and conducted in accordance with approved protocols by the Committee on Animal Experiments of Sapporo Medical University . Animal care was in accordance with institutional guidelines. For in situ muscle experiments, rats were anaesthetized with 2% inhaled isoflurane to reach a stable anaesthetic plane with consistent breathing rate and no response to toe pinch. At the end of the experiment, rats were killed by rapid cervical dislocation under isoflurane anaesthesia and muscles were subsequently isolated. A total of 28 rats were used. The investigators understand the ethical principles under which The Journal of Physiology operates and the experiments comply with the principles and regulations as described in the editorial by Grundy (2015) .
Animals and experimental procedures
Rats were divided into a PC group and a non-PC group (n = 14 in each group). In the PC group, the left plantar flexors were exposed to 10 repeated ECCs 2 days prior to 100 repeated damaging ECCs. Chen et al. (2012) have shown that non-damaging ECCs confer a protective effect against damaging ECCs and this effect lasts for 2 weeks in human elbow flexors with no significant differences between the 2 days, 1 week and 2 weeks. Moreover, previous studies showed that muscle damage increases progressively with the number of forced ECCs (Hesselink et al. 1996; Willems & Stauber, 2009) . In control experiments, we confirmed that the maximum isometric torque of the plantar flexor muscles was not reduced 48 h after 10 repeated ECCs (data not shown). The left muscles in the non-PC group were exposed to damaging ECCs without PCs. The contralateral right muscles served as control (CNT). Immediately (recovery 0 (REC0); n = 6 in each group) or 4 days (recovery 4 (REC4); n = 8 in each group) after cessation of damaging ECCs, the in situ isometric torque was measured at 100 Hz. Under isoflurane anaesthesia, rats were killed by rapid cervical dislocation approximately 30 min after the isometric torque measurement. The plantar flexor muscles were thereafter excised from each animal within a further 10 min after the isometric torque measurement. The soleus, plantaris and lateral gastrocnemius muscles were snap-frozen in liquid nitrogen and stored at −80°C. For histological analysis, the middle belly of the medial gastrocnemius muscles was frozen in pre-cooled isopentane and stored at −80°C. One remaining part of the medial gastrocnemius muscles was snap-frozen in liquid nitrogen and stored at −80°C and another part was used for the measurement of Ca 2+ -activated force in skinned fibres, which were performed approximately 180 min after the isometric torque measurement.
Eccentric contractions
Under isoflurane anaesthesia, rats were placed supine on a platform and their left foot was secured in a footplate connected to a torque sensor (S-14154, Takei Scientific Instruments, Tokyo, Japan) at an angle of 0°dorsiflexion (i.e., 90°relative to the tibia). ECCs comprised forced dorsiflexion from 0°to 40°at 150°/s combined with neuromuscular electrical stimulation (ES). Plantar flexor muscles were stimulated supramaximally (45 V) via a pair of surface electrodes every 4 s. Stimulation parameters were set as follows: 1 ms monophasic rectangular pulse, 50 Hz stimulation frequency. The torque production was measured during ES. Control experiments showed no difference in the maximum isometric plantarflexion torque between supramaximal ES via surface electrodes and via the sciatic nerve, which indicates that the ES used in this study activates all plantar flexor muscle fibres.
Measurement of Ca 2+ -activated force in skinned fibres
Chemically skinned fibres were prepared according to Mollica et al. (2012) with some modifications. Medial gastrocnemius muscle was pinned out at resting length under paraffin oil that was kept at 4°C. Under a stereo-microscope, single muscle fibres were dissected from the central portion of each muscle. Four to six skinned fibres were obtained from one whole muscle. A segment of the skinned fibre was connected to a force transducer (Muscle Tester, World Precision Instruments, Sarasota, FL, USA) and then incubated with a N-2-hydroxyethylpiperazine-Nʹ-2-ethanesulfonic acid (HEPES) buffered solution (see below) containing 1% (vol/vol) Triton X-100 for 10 min in order to remove membranous structures. Fibre length was adjusted to optimal length (2.5 μm) by laser diffraction as described previously (Allen & Kurihara, 1982) . Chemically skinned fibres become increasingly unstable as the experimental temperature is raised (Pate et al. 1994) . We therefore performed experiments at room temperature (24°C) to ensure that the skinned fibres could sustain repeated contractions without loss of force. All solutions were prepared as described in detail elsewhere (Watanabe & Wada, 2016 (pCa 6.4, 6.2, 6.0, 5.8, 5.6, 5.4 and 4.7) prepared by mixing the maximum Ca 2+ solution and the relaxation solution in appropriate ratios according to the affinity constants reported by Moisescu & Thieleczek (1978) . The contractile apparatus was directly activated by exposing the skinned fibre to various pCa solutions and force and muscle fibre diameter were measured. All skinned fibres were used to determine the maximum Ca 2+ -activated force per cross-sectional area and the pCa 50 was defined as the pCa at the half-maximal force.
Determination of MyHC and actin content in skinned fibre
At the completion of the functional measurements, the individual skinned fibre segments were diluted with non-reducing Laemmli buffer (4 M urea; 250 mM Tris; 4% SDS (vol/vol); 20% glycerol (vol/vol); 0.02% Bromophenol Blue (wt/vol)). In pilot experiments, we confirmed that the skinned fibre samples contain the remaining non-diffusible components (i.e. myofibrillar proteins), but not the diffusible (i.e. cytosolic) proteins (data not J Physiol 596.18 shown). To separate the myofibrillar proteins, sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed using a 4-15% Criterion Stain Free gel (BioRad, Philadelphia, PA, USA). Images of the gels were acquired using Stain Free imager (Bio-Rad). The relative content of MyHC or actin in total myofibrillar proteins was evaluated densitometrically using ImageJ (National Institute of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij/).
Immunoblots
Immunoblots were performed using: anti-fast MyHC (ab91506, Abcam, Cambridge, UK), antimalondialdehyde (MDA) (MD20A-R1a, Academy BioMedical, Houston, TX, USA), anti-NADPH oxidase 2 catalytic subunit gp91 phox (NOX2/gp91 phox ) (ab31092, Abcam), anti-manganese superoxide dismutase (SOD2) (06-984, Upstate, Lake Placid, NY, USA), anti-catalase (CAT) (C0979, Sigma), anti-HSP70 (ADI-SPA-810, Enzo Life Sciences, Farmingdale, NY, USA), anti-HSP25 (ADI-SPA-801, Enzo Life Sciences), anti-αB-crystallin (ADI-SPA-222-F, Enzo Life Sciences), anti-CD68 (ab31630, Abcam), and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (010-25521, Wako, Osaka, Japan).
Muscle pieces were homogenized in ice-cold homogenizing buffer (40 μl/mg wet wt) consisting of: 10 mM Tris maleate; 35 mM NaF; 1 mM NaVO 4 ; 1% Triton X-100 (vol/vol); 1 tablet of protease inhibitor cocktail (Roche) per 50 ml. The protein content was determined using Bradford assay (Bradford, 1976) . Muscle proteins (20 μg) were then diluted with SDS-sample buffer: 62.5 mM Tris HCl; 2% SDS (wt/vol); 10% glycerol (vol/vol); 5% 2-mercaptoethanol (vol/vol); 0.02% bromophenol blue (wt/vol). For the detection of MDA, HSP70, HSP25 and αB-crystallin, myofibrillar proteins were extracted as previously described (Tsika et al. 1987) . Briefly, muscle samples were homogenized in ice-cold homogenizing buffer (10 μl/mg wet wt) consisting of: 250 mM sucrose; 100 mM KCl; 20 mM imidazole; 5 mM EDTA (pH 6.8). The homogenate was centrifuged at 3000 g for 10 min, and the supernatant was discarded. The resulting pellet was rehomogenized in ice-cold homogenizing buffer (10 μl/mg wet wt) consisting of: 175 mM KCl; 0.5% Triton X-100 (vol/vol) (pH 6.8) and processed through two additional washes. After these washes, the pellet was subjected to two more washes in a solution consisting of: 150 mM KCl; 20 mM imidazole (pH 7.0). The resulting pellet was then homogenized in the same buffer, and diluted with non-reducing Laemmli buffer. Proteins were applied to a 4-15% Criterion Stain Free gel. Gels were imaged, and then proteins were transferred onto polyvinylidine fluoride membranes. Membranes were blocked in 3% (wt/vol) non-fat milk, Tris-buffered saline containing 0.05% (vol/vol) Tween 20, followed by incubation with primary antibody, made up in 1% (wt/vol) bovine serum albumin overnight at 4°C. Membranes were then washed and incubated for 1 h at room temperature (24°C) with secondary antibody (1:5000, donkey-anti-rabbit or donkey-anti-mouse, Bio-Rad). Images of membrane were collected following exposure to chemiluminescence substrate (Millipore, Billerica, MA, USA) using a charge-coupled device camera attached to ChemiDOC MP (Bio-Rad), and Image Lab Software (Bio-Rad) was used for detection as well as densitometry.
Maximal calpain activity
Muscle pieces of approximately 150 mg were homogenized in 9 volumes (wt/vol) of ice-cold homogenizing buffer composed of: 5 mM EDTA; 5 mM EGTA; 20 mM Tris/HCl (pH 7.4); 10 μg/ml 4-(2-aminoethyl)-benzenesulfonyfluoride (AEBF); 0.5 mM phenylmethylsulfonylfluoride; 1 mM dithiothreitol (DTT); 10 μg/ml pepstatin A; and homogenized on ice using a hand-held glass homogenizer. The resultant homogenates were used for analyses of maximal calpain activity and immunoblot for calpain-1. Maximal calpain activity was measured using the assay of Sultan et al. (2000) . N-Succinyl-Leu-Tyr-7-amido-4-methylcoumarin (SLY-AMC) served as a substrate for calpain. Homogenates were incubated for 10 min at 37°C in a buffer Data show means ± SEM for 6 muscles per group. * P < 0.05 vs. CNT muscles within rats, # P < 0.05 vs. damaged muscles without PCs.
solution containing: 20 mM Tris/HCl (pH 7.4); 1 mM DTT; 10 μg/ml AEBF; 0.014 mM pepstatin A; 5 mM CaCl 2 . The free [Ca 2+ ] of solutions used in this study was estimated using Winmaxc32 software. The estimated free [Ca 2+ ] of the above buffer solution was approximately 4.85 mM. The reaction was started by adding SLY-AMC to give a final concentration of 125 μM. Fluorescence of the liberated AMC was monitored in a fluorometer for 10 min (excitation 380 nm, emission 460 nm). A control assay was performed without CaCl 2 in the presence of 10 mM EDTA and 10 mM EGTA. Protein concentration was determined by the Bradford assay (Bradford, 1976) .
Autolysis of calpain-1
Muscle proteins (20 μg) obtained from a calpain activity assay were separated on a 7% SDS-polyacrylamide gel and immunoblotting was performed using anti-calpain-1 antibody (C0355, Sigma) as described previously (Kanzaki et al. 2014) . The amount of autolysed calpain-1 was expressed as a percentage of total calpain in the same muscle sample.
Histological analyses
Cryostat sections (10 μm) were stained with Haematoxylin and Eosin (H&E). For Evans Blue dye (EBD) quantification, 1% (wt/vol) EBD solution (1 mg/ 10 g body wt) was intraperitoneally injected 24 h before killing. H&E and EBD images were obtained from the serial sections using a fluorescence microscope BIOREVO BZ-9000 (KEYENCE, Osaka, Japan). The percentage of EBD-positive area was determined using BZ-X analyser software (KEYENCE). 
. PCs prevent a delayed onset of myofibrillar dysfunction after damaging ECCs
Representative original records of Ca 2+ -activated force in chemically skinned fibres 4 days after damaging ECCs with or without PCs (REC4) (A). Specific force-pCa relationships (B and E), calculated maximum Ca 2+ -activated force (P max ) (C and F), and Ca 2+ required for half-maximum force (pCa 50 ) (D and G) in chemically skinned fibres immediately after damaging ECCs with or without PCs (REC0) or REC4. Data show means ± SEM for 21-33 fibres per group. * P < 0.05 vs. CNT muscles within non-PC and PC groups, # P < 0.05 ECC-exposed non-PC vs. PC muscles.
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Myeloperoxidase (MPO) activity
Muscles were minced and homogenized in ice-cold homogenizing buffer (10 μl/mg wet wt) consisting of: 50 mM KH 2 PO 4 (pH 7.4); 0.5% hexadecyltrimethylammonium bromide (wt/vol). Following centrifugation at 850 g for 12 min (4°C), samples were twice frozen and thawed in liquid nitrogen and re-centrifuged. MPO activity was measured according to the method of Raj et al. (1998) . Briefly, 450 μl of supernatant was added to a reaction mixture consisting of: 10 mM KH 2 PO 4 (pH 6.0), 0.8 mM H 2 O 2 , 0.4 mM 0-dianisidine dihydrochloride (o-DMB). The reaction was monitored continuously (150 s) in a spectrophotometer (V-630, JASCO, Tokyo, Japan) set at 480 nm and 37°C. The absorbance at 480 nm over reaction time was then curve-fitted to calculate maximal activity. H 2 O 2 -dependent MPO activity (with o-DMB as the substrate) was expressed in units per gram wet wt, where 1 unit of MPO activity is defined as a 0.1 absorbance unit change at an optical density of 480 nm.
Real time RT-PCR
Each muscle sample was analysed for the expression of mRNA using a real time RT-PCR system. Total RNA was extracted with TORIZOL reagent (Invitrogen, Carlsbad, CA, USA), and the purity and yield of the total RNA extracted was determined by absorbance of aliquots at 260 and 280 nm. Total RNA was then treated with TURBODNase (Ambion-Life Technologies, Austin, TX, USA) at 37°C for 30 min to remove genomic DNA from the samples. Samples of DNase-treated RNA (0.5 μg) were used to first-strand cDNA with an Exscript RT Reagent kit (TaKaRa Bio, Otsu, Japan). Thereafter, the cDNA products were analysed using a real time PCR system with the SYBR Green PCR Master Mix protocol in the StepOne Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The sequences of the specific primers used in this study are as follows: granulocyte-macrophage colony-stimulating factor (GM-CSF) forward primer 5ʹ-TCC AGA GGC CGA CAT GTG T-3ʹ, reverse primer 5ʹ-CCC CGT AGA CCC TGC TTG TA-3ʹ; interleukin (IL)-6 forward primer 5ʹ-CCC ACC AGG AAC GAA AGT CA-3ʹ, reverse primer 5ʹ-GCG GAG AGA AAC TTC ATA GCT GTT-3ʹ; IL-8 forward primer 5ʹ-CAG AGA CTT GGG AGC CAC TC-3ʹ, reverse primer 5ʹ-GCT GAA ATT ATC CAC CCT GAT T-3ʹ; GAPDH forward primer 5ʹ-GCT CTC TGC TCC TCC CTG TTC-3ʹ, reverse primer 5ʹ-GAG GCT GGC ACT GCA CAA-3ʹ. Each primer was designed using Primer Express software (v3.0; Applied Biosystems), and the oligonucleotides were purchased from FASMAC Co. Ltd (Kanagawa, Japan).
Statistics
Data are presented as means ± SEM. In this study, the effect of time (REC0 vs. REC4) was not investigated. Two-way 
Figure 4. PCs prevent calpain activation after damaging ECCs
Calpain activity of medial gastrocnemius muscles immediately (REC0) (A) or 4 days (REC4) (B) after damaging ECCs (Damage) with or without PCs. Calpain activity was fluorometrically measured using N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin (SLY-AMC) as a substrate. C, representative Western blots illustrating the autolysis of calpain-1. D, the content of autolysed form is expressed as a percentage of the total calpain-1 in the same muscle sample. Data show means ± SEM for 6 muscles per group. * P < 0.05 vs. CNT muscles within non-PC and PC groups, # P < 0.05 ECC-exposed non-PC vs. PC muscles.
repeated measures ANOVA was used when comparing repeated measurements in two groups and when this showed a significant difference, the Bonferroni post hoc test was performed. The effect of PCs (PC vs. non-PC) and damaging ECCs (contralateral CNT vs. damage) were investigated using two-way ANOVA. When significant differences were detected, a Tukey-Kramer post hoc test was performed. A P value less than 0.05 was regarded as statistically significant.
Results
PCs improve in situ torque recovery after damaging ECCs
Immediately after damaging ECCs (REC0), isometric torque normalized to muscle weight of whole plantar flexor muscles (specific torque) at 100 Hz were depressed in both the non-PC and PC groups ( Fig. 1A and B) . In contrast, 4 days after damaging ECCs (REC4), a significant decrease in 100 Hz specific torque was only observed in the non-PC group (Fig. 1D ).
PCs prevent a delayed onset of myofibrillar dysfunction after damaging ECCs
Representative original records of Ca 2+ -activated force in chemically skinned fibres at REC4 ( Fig. 2A) . At REC0, the skinned fibre experiments did not show any decrease in maximum Ca 2+ -activated force (P max ) or myofibrillar Ca 2+ sensitivity (pCa 50 ; Fig. 2B-D) . At REC4, P max was reduced by ß25% in fibres from non-PC muscles relative to those of CNT muscles (245 ± 17 versus 323 ± 15 mN/mm 2 , P < 0.05) and PCs prevented this decrease in P max ( Fig. 2E and F) ; no differences in pCa 50 between the groups was observed (Fig. 2G) . Figure 3A shows a typical expression pattern of myofibrillar proteins at REC4 in a skinned fibre from each group. Mean data showed a significant reduction in the MyHC and actin content after damaging ECCs in non-PC muscle fibres and these changes were prevented by PCs (Fig. 3A-C) .
PCs prevent the reduction in MyHC and actin content after damaging ECCs
To further assess changes in MyHC induced by damaging ECCs, immunoblots were performed with a polyclonal antibody targeted against residues 1-100 of human fast MyHC. The results showed no change in MyHC integrity directly after the damaging ECCs (data not shown). However, at REC4, obvious MyHC fragments emerged at ß30 kDa in all non-PC samples examined and PCs prevented this fragmentation ( Fig. 3D and E).
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PCs prevent calpain activation after damaging ECCs
Maximal calpain activity was unaltered immediately after damaging ECCs (Fig. 4A) , but increased to 440% of the control values at REC4 in the non-PC group (Fig. 4B) . Interestingly, this activation of calpain was prevented by PCs. Ca 2+ triggers an autolytic process in calpain-1 and reduces [Ca 2+ ] for its activation from 400-800 to 50-150 μM (Goll et al. 2003) . Full-length calpain-1 exists as an 80 kDa protein and can be autolysed to proteins of 78 and 76 kDa. Immunoblot analysis showed that the amounts of autolysed calpain-1 were elevated 4 days after damaging ECCs in non-PC muscles and this was prevented by PCs ( Fig. 4C and D) .
PCs reduce a malondialdehyde-protein adduct after damaging ECCs
As a marker of oxidative stress, MDA-protein adducts were detected in myofibrillar proteins. No changes were observed in the expression levels of MDA-protein adducts immediately after damaging ECCs (Fig. 5A-C 
and G).
On the other hand, although total MDA-protein adducts did not differ between the groups, careful inspection of the detected bands showed an increased expression at ß17 kDa, which would correspond to myosin light chain 2 (MyLC2), in the non-PC group at REC4 compared to control muscles (Fig. 5D-F and H) . PCs prevented this increase in MDA-protein adduct at MyLC2 in damaged muscles.
PCs prevent the upregulation of redox-related proteins after damaging ECCs
The expressions of NOX2/gp91 phox , SOD2 and CAT were not altered in any group at REC0 (Fig. 6A-D) . Conversely, the expression of these redox enzymes was increased in the non-PC group, but not in the PC group, at REC4 ( Fig. 6E-H) .
The expression levels of HSP70, HSP25 and αB-crystallin were only increased in whole muscle homogenates from the PC group at REC0, whereas they were increased in both the non-PC and PC groups at REC4 (Fig. 7) . Additionally, immunoblot analysis using the PCs. C and F, the same membranes as used in the experiment shown in B and D, respectively, were developed for a longer time to reveal the less abundant low molecular weight bands reacting with anti-MDA antibody. The intensities for the MDA band at a molecular mass of ß17 kDa (as indicated by arrowheads), which would correspond to myosin light chain 2 (MyLC2), were normalized by the content of the corresponding band seen in the stain free gel (G and H) . Data show means ± SEM for 5-6 muscles per group. * P < 0.05 vs. CNT muscles within non-PC and PC groups, # P < 0.05 ECC-exposed non-PC vs. PC muscles.
myofibrillar fractions revealed that the amount of these HSPs binding to the myofibrils was markedly increased by PCs in damaged muscles at REC0 (Fig. 8A-D) . At REC4, on the other hand, the expression levels of HSP70 and αB-crystallin in myofibrillar proteins were equally increased in the non-PC and PC groups, whereas HSP25 expression was only increased in the non-PC group (Fig. 8E-H) .
PCs inhibit an infiltration of immune cells and fibre disruptions after damaging ECCs
No obvious histopathological alteration was detected directly after damaging ECCs in any group (Fig. 9A , B, I, J). Four days after damaging ECCs, a number of swollen myofibres appeared with a rounded, large and lightly Eosin-stained cytoplasm, and many inflammatory cells, including neutrophils and macrophages, were found around them ( Fig. 9C and K) . Intriguingly, these deleterious changes were inhibited by PCs ( Fig. 9D and L) .
The magnitude of influx of EBD, a membraneimpermeable dye, into muscle fibres was used to assess membrane damage. EBD-positive fibres were not observed immediately after damaging ECCs (Fig. 9E, F, M,  N) . Conversely, after 4 days of recovery, damaging ECCs induced a marked increase in the area of EBD-positive fibres in the non-PC group, and this increase was almost completely prevented by PCs (23.9 ± 3.2% versus 2.7 ± 0.7%, P < 0.01) (Fig. 9G, H, O, P) .
PCs prevent the macrophage infiltration and the activation of myeloperoxidase (MPO) after damaging ECCs
The expression of CD68, the marker molecule of pro-inflammatory M1 macrophages (Ciciliot & Schiaffino, 2010) , was observed in damaged muscles without PCs at REC4, but not at REC0 (Fig. 10A and B) . In contrast, PCs completely diminished this damaging ECC-induced CD68 expression. At REC4, MPO activity was significantly . PCs prevent the upregulation of redox-related proteins after damaging ECCs Representative Western blots illustrating the levels of NADPH oxidase (NOX2/gp91 phox ), superoxide dismutase (SOD) 2, and catalase (CAT) of medial gastrocnemius muscles immediately (REC0) (A) or 4 days (REC4) (E) after damaging ECCs (Damage) with or without PCs. The levels of NOX2/gp91 phox (B and F), SOD2 (C and G), and CAT (D and H) expression were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) content. Data show means ± SEM for 5-6 muscles per group. * P < 0.05 vs. CNT muscles within non-PC and PC groups, # P < 0.05 ECC-exposed non-PC vs. PC muscles.
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increased in medial gastrocnemius muscles from the non-PC group but not from the PC group ( Fig. 10C  and D) .
PCs inhibit an increase in neutrophil chemotaxis after damaging ECCs
The cytokines GM-CSF, IL-6, and IL-8 have been shown to induce neutrophil chemotaxis after injurious mechanical strain (Peterson & Pizza, 2009 ). In the non-PC group, the mRNA expression levels of GM-CSF and IL-6 were increased immediately and 4 days after damaging ECCs ( Fig. 11A and B) , whereas an increase in the IL-8 mRNA expression was only observed at REC4 (Fig. 11C) . Importantly, these changes were prevented by PCs.
Discussion
We here show that PCs consisting of 10 non-damaging ECCs prevented the decrease in in situ 100 Hz isometric torque and the reduction in skinned fibre P max at 4 days after 100 damaging ECCs. The novelty of our study is that this PC-induced improvement in force production at REC4 could be mechanistically linked to prevention of the following series of events: (i) activation of genes encoding for chemotactic cytokines, (ii) infiltration of immune cells and disruption of cell membrane integrity, (iii) changes in ROS homeostasis, (iv) calpain activation, and (v) myosin and actin degeneration. A prior non-damaging ECC has been shown to improve muscle function during the recovery period after strenuous ECCs in human subjects (Lavender & 
Figure 7. PCs increase heat shock proteins expression after damaging ECCs
Representative immunoblots illustrating the levels of heat shock protein (HSP) 70, HSP25 and αB-crystallin (ABC) of medial gastrocnemius muscles immediately (REC0) (A) or 4 days (REC4) (E) after damaging ECCs (Damage) with or without PCs. The levels of HSP70 (B and F), HSP25 (C and G) and ABC (D and H) expression were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) content. Bars show the mean and SEM results from 6 muscles per group. Results are expressed as a percentage of CNT value. * P < 0.05 vs. CNT muscles within non-PC and PC groups, # P < 0.05 ECC-exposed non-PC vs. PC muscles. Nosaka, 2008; Chen et al. 2012) . In line with this, our data demonstrate that PCs improve in situ maximal (100 Hz) isometric torque at REC4. Moreover, the delayed reduction in P max in skinned fibres was prevented by PCs, indicating the important role of impaired myofibrillar force-generating capacity in the prolonged force depression after damaging ECCs. Theoretically, a reduction in P max in skinned muscle fibres can result from a decrease in the number of cross-bridges generating force and/or a decrease of the individual cross-bridge force (Nocella et al. 2011) . Consistent with previous studies (Ingalls et al. 1998a; Kanzaki et al. 2010) , we observed decreased MyHC and actin protein expression and fragmentation of MyHC at REC4. Accordingly, immunoradiometric and biochemical experiments have shown increased levels of MyHC fragments in the blood 3-9 days after eccentric exercise in humans (Mair et al. 1992) . Taken together, the decrease in isometric force at REC4 can be explained by a reduction in the number of cross-bridges due to a delayed onset degeneration of myosin and actin, and these detrimental effects were prevented by PCs.
The mechanical stress during ECCs might cause cell membrane lesions, which would impair the normal cell integrity and allow fluxes of large molecules such as proteins. The resulting accumulation of extracellular constituents in injured muscle fibres and increased concentration of muscle proteins in the extracellular space progress for days following damaging ECCs, which indicates that much of the cell membrane damage is caused by factors that are secondary to the mechanical stress (for a recent review, see Tidball, 2011) . In the non-PC group, a marked increase in the area of EBD-positive cells was observed 4 days, but not immediately, after damaging ECCs, and this was accompanied by disruption of cell membrane integrity and infiltration of immune cells. Moreover, in agreement with the previous studies (Paulsen et al. 2010 (Paulsen et al. , 2013 , MPO activity and the expression levels of CD68 were increased at REC4. In this regard, there is growing evidence that mechanical loading activates neutrophil-mediated lysis of muscle membrane through an MPO-dependent pathway and the subsequent influx of extracellular Ca 2+ , which stimulates calpain-induced proteolysis (Nguyen et al. 2005) . Nguyen & Tidball (2003) reported that superoxide-derivatives play a central role in the lysis of muscle cell membranes. This toxic effect of superoxide, produced by NOX2/gp91 phox in neutrophils (Nguyen & Tidball, 2003) and/or in skeletal muscle fibres (Pal et al. 2014) , may occur through its conversion first to hydrogen peroxide by SOD, followed by conversion to the highly reactive and toxic hypochlorous acid by MPO (Nguyen et al. 2005) .
Although MyHC appears to be a weak substrate for calpains (Goll et al. 2003) , oxidative stress may markedly accelerate proteolysis by increasing calpain activity (Nakashima et al. 2004) and by increasing the susceptibility of proteins to degradation by calpains (Smuder et al. 2010) however, be noted that this conclusion is based on correlative data and further studies with pharmacological or genetic inhibition of MPO activity at the time of damaging ECCs are required to fully established this as the mechanism underlying the protective effects of PCs. Given that antioxidant enzymes were not increased at REC0 and were only increased in the non-PC group at REC4, they may reflect a response to increased oxidative stress in skeletal muscle fibres or deriving from the increased inflammatory cells (Tauler et al. 2002) , rather than driving the beneficial effect of PCs. HSP70, HSP25 and αB-crystallin are three important HSPs present in skeletal muscle. The function of these HSPs is possibly to stabilize and protect the myofibrillar structures during and after unaccustomed eccentric exercise (Paulsen et al. 2009 ). PCs increased the expression levels of all three HSPs in the myofibrillar fraction of damaged muscle at REC0, which is in line with previous results (Paulsen et al. 2009 ). Thus, it seems plausible that HSPs are increased by PCs and this protects against the subsequent damage of myofibrils that result in decreased force at REC4.
Neutrophil migration to injured skeletal muscle is thought to occur via chemotactic cytokines, such as GM-CSF, IL-6 and IL-8 (Peterson & Pizza, 2009 ). Intriguingly, the elevation in GM-CSF, IL-6 and IL-8 mRNA after damaging ECCs was prevented by PCs. Thus, PCs may inhibit neutrophil chemotaxis and thereby prevent the inflammatory responses leading to the delayed onset of muscle damage. The precise mechanism underlying the PC-induced downregulation of neutrophil Representative Western blots illustrating the levels of CD68 of medial gastrocnemius muscles immediately (REC0) (A) or 4 days (REC4) (B) after damaging ECCs (Damage) with or without PCs. MPO activity was spectrophotometrically measured in medical gastrocnemius muscles (C and D) . Data show means ± SEM for 6 muscles per group. * P < 0.05 vs. CNT muscles within non-PC and PC groups. chemotaxis is unclear, but the protection from damaging ECCs by PCs was not observed under circumstances where the accumulation of muscle neutrophils in response to PCs was immunologically blocked (Lockhart & Brooks, 2008) . Thus, although neutrophils and/or related inflammatory responses may contribute to the PC-induced cytoprotection (Pizza et al. 2002) , further studies are required to elucidate the mechanisms involving these processes.
The present results show major differences between REC0 and REC4. First, PCs had no effect on the The levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) (A), interleukin (IL)-6 (B), and IL-8 (C) mRNA expression were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA content. Data show means ± SEM for 6 muscles per group. * P < 0.05 vs. CNT muscles within non-PC and PC groups, # P < 0.05 ECC-exposed non-PC vs. PC muscles. J Physiol 596.18 measured parameters immediately after the damaging ECCs, except for preventing the increases in GM-CSF and IL-6 mRNA expression. Second, in situ force production of ECC-exposed muscles was severely depressed at REC0, whereas the force produced by ECC-exposed skinned muscle fibres was similar to that of control fibres. The present results at REC0 show large similarities to those recently seen in humans after 100 repeated drop jumps, which require eccentric knee extensor contractions upon landing (Kamandulis et al. 2017) . In the study of Kamandulis et al. (2017) , the isometric torque of quadriceps muscles was significantly decreased during 24 h after drop jump exercise, and this in situ force depression was not accompanied by any reduction in myofibrillar force production and there were no signs of increased ROS. Thus, the mechanisms underlying the immediate force decrease after damaging ECCs differ from those occurring with a few days delay, where ROS produced by invading immune cells play an important causative role.
In conclusion, PCs can prevent a delayed onset of myofibrillar dysfunction and thereby improve contractile recovery after damaging ECCs. This positive effect can be explained by an HSP-dependent prevention of immune cell invasion resulting in decreased MPO-mediated ROS production, hence avoiding cell membrane disruption, calpain activation and degenerative changes in myosin and actin molecules.
